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Magneto-transport Effects in Topological Insulator Bi2Se3 Nanoribbons
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Magneto-resistance (MR) of Bi2Se3 nanoribbons is studied over a broad range of temperature
(T=300K-2K) and under various magnetic field (B) orientations. The MR is strongly anisotropic
with the perpendicular MR much larger than the longitudinal and transverse MRs. The perpen-
dicular MR exhibits quadratic B-dependence in low fields and becomes linear at high B. However,
when T increases, the perpendicular MR becomes linear over the whole magnetic field range (0-9T)
up to room temperature. This unusual linear MR is discussed in the context of the quantum linear
MR of the topological surface-states. We also observe the boundary-scattering effect in MR at low
temperatures, which indicates that the out-of-plane Fermi momentum is much smaller the in-plane
Fermi momentum, excluding the simple three-dimensional Fermi surface picture.
PACS numbers: 73.20.-r,73.25.+i,73.63.-b,03.65.Vf
Topological insulators are a class of quantum materials
that have insulating energy gaps in the bulk, and gap-
less surface states on the sample boundary that are pro-
tected by time-reversal symmetry[1–3]. Recently, Bi2Se3
and related materials[4] have been proposed as three-
dimensional (3D) topological insulators with a single
Dirac cone for the surface states. Among these mate-
rials, Bi2Se3, which is a pure compound rather than an
alloy like BixSb1−x[5], owns a larger gap (0.3 eV), and
is thought to be promising for room temperature appli-
cations. The existence of a Z2 topological phase with
a surface Berry’s phase in the stoichiometric compound
Bi2Se3 has been observed by angle-resolved photoemis-
sion spectroscopy[6, 7]. To enhance the contribution
of the surface states in transport measurements, Bi2Se3
nanowires and nanoribbons offer an attractive alterna-
tive to bulk samples for studying the Dirac electrons on
surface due to their high surface-to-volume ratio[8, 9]. In-
deed, Aharonov-Bohm (AB) oscillations in the longitudi-
nal MR of Bi2Se3 nanoribbons were discovered, proving
the existence of a coherent surface conducting channel[8].
Here, we study the MR of Bi2Se3 nanoribbons under var-
ious magnetic field orientations to elucidate the transport
mechanism in these novel nanomaterials. Our measure-
ments reveal boundary scattering effects and a linear MR
in the perpendicular field configuration that persists to
room temperature. This striking linear MR is discussed
in the context of quantum linear MR (QLMR) of systems
with linear dispersion spectrum [10], consistent with the
transport through topological surface-states.
Pure Bi2Se3 nanoribbons are synthesized in a hori-
zontal tube furnace via the vapor-liquid-solid mechanism
with gold particles as catalysts, similar to literature[8, 9].
Typical Bi2Se3 nanoribbons have thickness ranging from
50-400 nm and widths ranging from 200 nm to sev-
eral µms. Energy dispersive X-ray spectroscopy anal-
yses reveal uniform chemical composition with a Bi/Se
atomic ratio about 2:3, indicating the stoichiometric
Bi2Se3. High-resolution TEM imaging and 2D Fourier
transformed electron diffraction measurements demon-
strate that the samples are single-crystalline rhombohe-
dral phase and grow along the [1120] direction. The up-
per and lower surfaces are (0001) planes. The as-grown
samples are suspended in ethanol by sonication and dis-
persed on a heavily doped Si substrate with 300nm SiO2
on its surface. Photolithography is used to pattern four
electrodes contacting single nanoribbon. The electrodes
consist of 150nm Pd with a 5nm Ti adhesion layer formed
via e-beam evaporation and lift-off. Ohmic contacts are
obtained without annealing. The transport measure-
ments are performed in a Quantum Design PPMS with
low frequency lockin technique.
Temperature dependent four-terminal resistance R of
a nanoribbon (sample #1) from room temperature down
to 2K is shown in Fig. 1a. Four-terminal resistance of the
nanoribbons is obtained by flowing a current I (typically
0.1-1 µA) through the two outer contacts and monitoring
the voltage drop V between the two inner contacts (typi-
cal spacing 2µm) as shown in SEM image in Fig.1a inset.
The resistance decreases with the temperature, starts to
saturate around 25K, and then remains nearly flat down
to 2K, the minimum temperature reached during these
measurements. This metallic R(T ) is typical behavior for
heavily doped semiconductors, and can result from the
small band gap of Bi2Se3 and the residual doping from
intrinsic defects such as Se vacancies[11].
The perpendicular (B perpendicular to both current
flow and nanoribbon surface) MR of sample #1 is shown
in Fig.1b from T=300K down to 2K. First of all, it is
striking that there is significant (5-25%) MR for this con-
figuration at temperatures all the way up to 300K, and
the MR curves appear to be parallel to each other. Sec-
ond, the MR has a linear B dependence up to 9T, the
highestB achieved in our PPMS, for temperatures higher
than 90K. As T decreases below 90K, R(B) takes an ap-
proximately quadratic dependence below 3T. This evolu-
tion of MR can be seen more clearly in Fig.1c where the
normalized resistance R(B)/R(B = 0) is plotted against
B. It has been known for a long time that for metals
with open Fermi surfaces (e.g. Au), the MR could be
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FIG. 1: (color online) (a) Resistance R vs. T of a Bi2Se3 nanoribbon (sample #1). The right axis shows resistivity. The
inset shows the SEM image of device and illustration of the four-terminal measurement of R. White scale bar is 2µm. (b) R
vs. perpendicular magnetic field for sample #1 at various T from 300K to 2K. (c) Data in (b) plotted as R(B)/R(B=0) vs.
magnetic field. Above 90K, R varies linearly with B. A grey dashed line is included to guide the eye.
linear and non-saturating at high fields[12]. This is not
the case here. The existence of a linear MR for small
bandgap semiconductor could have a quantum[10, 13] or
classical origin[13, 14]. To explain the linear MR down
to very low fields in silver chalcogenides[15], Abrikosov
first proposed a model based on the QLMR[16]for sys-
tems with gapless linear dispersion spectrum[10]. It is
believed that such gapless linear dispersion may apply for
silver chalcogenide or other small bandgap semiconduc-
tors with strong inhomogeneity[10, 13]. Without invok-
ing the linear dispersion spectrum, Parish and Littlewood
suggested a classical origin for linear MR in which the
MR is a consequence of mobility fluctuations in a strongly
inhomogeneous system[14]. For our Bi2Se3 nanoribbons,
the single crystal quality and small length scale of the
device rule out the models where strong physical inhomo-
geneity of sample is required. Therefore, it is tempting
to attribute the linear MR observed here to the QLMR
from Dirac electrons on the Bi2Se3 surface, which have
very small effective mass and large cyclotron energy[4].
We also point out that Abrikosov’s QLMRmodel predicts
a temperature independent ∆R(B)=R(B)-R(B=0)[10],
which is indeed in agreement with our data in Fig.1b.
Therefore, the persistence of linear MR at high T for
Bi2Se3 nanoribbons is striking: it could indicate the per-
sistence of topological surface-states induced MR up to
room temperature.
In an attempt to distinguish the surface electrons from
bulk electrons in our Bi2Se3 nanoribbons, we performed
MRmeasurements on several samples under various mag-
netic field orientations. Fig.2a presents the normalized
resistance, R(B)/R(B=0), as a function of the perpen-
dicular magnetic field for four nanoribbons. All the data
were collected at T=2K except for sample #2 which was
measured at 10K. Due to the different carrier density
and mobility of these samples, the rate of resistance in-
crease is different. However, we found that all the MR
curves collapse onto a single curve if we perform a lin-
ear scaling of the magnetic field, as shown in Fig.2b. In
Fig.2b, the magnetic field is scaled linearly for sample
#1, 2 and 4 against sample #3 which shows the largest
MR response. The fact that all the four MR curves can
be scaled onto a single curve suggests there is a uni-
versal scattering mechanism. Kohler’s rule[12] suggests
that the MR of a material is a universal function of µB:
R(B)/R(B=0)=F (µB). It is common[12] that at low
field when µB≪1, F (µB)≈1+(µB)2 , as a result of the
Lorentz force deflection of carriers, with µ as the car-
rier mobility. As shown in Fig2.b, our low T MR data
are in good agreement with Kohler’s rule and exhibit a
B2 dependence at low B. Using Kohler’s rule, one can
estimate the mobility µ from the parabolic MR at low
B[17]. We estimate that µ≈1000, 525, 1500, and 750
cm2/V·s for our nanoribbon sample 1, 2, 3 and 4 at lowest
T . These mobility values are somewhat lower than val-
ues previously reported on Bi2Se3 nanoribbons[8, 9] and
are about 10 times lower than high quality bulk single
crystals[18–21]. According to conventional MR theory of
metals, MR∝(µB)2 and saturates at high field (µB>1).
However, our samples did not show saturation of MR
at high B. Instead, the MR shows a crossover from B2
to linear B dependence (Fig.2b). Based on the estimated
value of µ, we can see that the crossover from B2 to linear
B dependence in our MR data in Fig.2 indeed happens
at µB∼1. The high field behavior of MR∝B in Fig.2
is reminiscent of Abrikosov’s QLMR[10], which occurs
at h¯ωc>EF , when all electrons coalesce into the lowest
Landau level. Here h¯ is the reduced Planck’s constant,
ωc=eB/m
∗ is the cyclotron frequency with m∗ being the
electron effective mass, e being the electron charge and
EF being the Fermi energy. Using our estimates of Fermi
momentum and electron concentration(1017-1018/cm3)
described later in the paper, the emerging of QLMR at
B >∼5T in Fig.1 would correspond to around 3 Lan-
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FIG. 2: (color online) (a) The normalized resistance
R(B)/R(B=0) vs. perpendicular B for four Bi2Se3 nanorib-
bons. Except for sample #2 where T=10K, all the data are
collected at 2K. (b) R(B)/R(B=0) vs. scaled magnetic field
B∗ for samples in (a). The magnetic field is scaled linearly for
sample #1, 2 and 4 against #3 which shows the largest MR
response. Consistent with the Kohler’s rule, all MR curves
collapse onto a single curve after scaling. MR has a B2 de-
pendence at low field and linear B dependence at high field
as shown by the grey dashed lines.
dau levels being filled. It is worth to note that our low
T (<90K) MR data and analysis are in qualitative agree-
ment with bulk InSb where the QLMR is also found to
emerge at high filling factors[13]. With this understand-
ing of MR at low T , it is enlightening to re-examine the
overall evolution of R(B) from 2K to 300K in Fig.1b. It
is clear that as T rises, the high field linear B behavior
persists into lower field, suggesting that the QLMR is ac-
tually more significant at high temperatures. Since most
likely bulk electrons coexist with surface electrons in the
sample, the disappearance of quadratic MR at high tem-
perature is possibly related to the different contributions
from bulk and surface states at different T .
Now let us turn to the comparison of MR between dif-
ferent field orientations. Zero field R vs T of nanoribbon
sample #2 is shown in Fig.3 inset. The peak around
T=100K in the R(T ) curve for this sample resembles
those of low doped Bi2Se3 bulk samples[18]. Assuming
homogeneous conduction through the sample, the 3D re-
sistivity is shown on the right axis of Fig.3 inset using
the size of this nanoribbon measured by atomic force mi-
croscopy (AFM) (length L=2.34µm, width W=600nm
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FIG. 3: (color online) The perpendicular MR compared with
the longitudinal MR at T=10K for Bi2Se3 nanoribbon sample
#2. The blue dashed line shows the B2 dependence of MR
below 4Telsa. The black and red arrows mark the initial rise
of the MR which is attributed to boundary-scattering effect.
The inset shows the resistance and resistivity vs T data at
B=0.
and thickness H=80nm). Fig.3 main panel compares the
10K MR of sample #2 in perpendicular vs. longitudi-
nal magnetic fields. The perpendicular MR exhibits a
quadratic behavior below 4T and is much larger than
the longitudinal one. It can be noticed that for both
field orientations, there is an initial step-like rise of MR
at low B (<1T) as marked by the black and red arrows.
This feature is more salient in samples with lower noise
(e.g. sample #3 in Fig.4 below) and only observed at low
T (10K or lower). We attribute this step-like rise of MR
at the lowest B to the boundary scattering of electrons
undergoing cyclotron motion in our nanoribbons with fi-
nite size. A similar effect was observed for electrons in Bi
and Sb nanowires[22, 23] as well as 2D electrons in GaAs
heterostructure samples with narrow width[24]. Briefly,
due to the finite size of sample, the bending of electrons’
trajectories by the Lorentz force enhances the surface
scattering when B increases from zero, and such surface
scattering leads to the rise of sample resistance. However,
as B increases to a critical field Bc, where the size of the
cyclotron orbital is comparable with the size of sample,
the increase of surface scattering rate slows down and
therefore the resistance rise stops. At B > Bc, we do
not detect any features like the A-B oscillations in the
longitudinal MR, presumably due to the lower mobility
and shorter coherence length of our sample than those in
Ref.[8].
We also compared the perpendicular vs transverse
(B parallel to sample surface but transverse to cur-
rent) magneto-transport of Bi2Se3 nanoribbon sample
#3. Our experiment shows that the transverse MR is
also negligible except for the initial step-like increase of
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FIG. 4: (color online) Perpendicular (black squares) vs trans-
verse (red dots) MR of Bi2Se3 nanoribbon sample #3 at
T=2K. The nanoribbon is 900nm wide and 160nm thick. The
black/red arrow highlights the critical magnetic field Bc for
the boundary-scattering (see text). The inset shows the data
on a larger scale (B=0-9Tesla).
MR at low B, in a similar way to longitudinal MR, as
shown in Fig.4a and the inset. Due to the low noise of
sample #3, the finite-size-induced boundary scattering
effect in the low B regime of MR can be clearly resolved,
with Bc∼0.5T for perpendicular field and Bc∼0.75T for
transverse field. The critical field Bc corresponds to the
condition rc =d/2 where rc=h¯kF /eBc is the cyclotron ra-
dius and d is the smallest dimension of the sample in the
plane of cyclotron motion[22–25]. Since both the length,
width and thickness of our nanoribbons are known (mea-
sured by AFM), we can use the critical field Bc and cri-
terion rc=h¯kF /eBc=d/2 to estimate kF , the Fermi mo-
mentum, as suggested first by Chambers[25]. For the per-
pendicular field case, the relevant d is the sample width
W , and we estimate a kF∼WeBc/2h¯=3.6×10
8m−1 using
W=900nm and Bc∼0.5T. For the transverse field config-
uration, the relevant d is the sample thickness H , and we
estimate a kF∼HeBc/2h¯=1×10
8m−1 using H=160nm
and Bc∼0.75T. Note that kF extracted in the perpen-
dicular field configuration is always a few times larger
than the transverse or longitudinal case for our nanorib-
bons. This difference is at odds with the Fermi surface
topology of bulk Bi2Se3 probed by Shubnikov de-Haas
effect[20], which shows that kF along c-axis (perpendicu-
lar to nanoribbon surface) should be slighter larger than
the in-plane kF if bulk electrons are involved. Since the
kF estimated from the boundary scattering effect is an
averaged kF over the cyclotron orbit in the plane per-
pendicular to B, this discrepancy suggests that kF per-
pendicular to nanoribbon surface is very small and is
likely due to the confinement effect and/or more dom-
inant contribution from the surface states in nanoribbon
samples. Nevertheless, the magnitude of kF is compa-
rable with a 3D electron concentration on the order of
1017- 1018/cm3[20] or a 2D electron concentration on the
order of 1012/cm2. To make the quasi-2D surface states
dominate over bulk states, it is expected the carrier con-
centration should be low. Thus the relatively low carrier
concentration inferred here is reasonable.
Finally, we make a few comments on separating the
the surface states from bulk electrons in the MR effects.
While all the existing data in literature suggest that both
the bulk and surface electrons contribute to the electri-
cal transport, the linear MR we observed at high T is
quite consistent with the topological surface states with
linear dispersion and hard to explain in conventional the-
ory without introducing strong sample inhomogeneity.
Although the boundary-scattering-induced MR effect at
low field has been discussed in a 3D picture for Bi and
Sb nanowires[22, 23], it does not exclude the possibility
of being originated from surface electrons. What is more
important is that our study of MR in different field orien-
tations reveals that kF perpendicular to nanoribbon sur-
face is much smaller than kF in the plane. This contra-
dicts the simple 3D Fermi surface picture[20] but is more
consistent with having an origin from quasi-2D surface
electrons. All this suggests that the MR effects observed
are non-trivial and may have connection with topological
surface states with linear dispersion spectrum.
In summary, we report MR of chemically synthesized
Bi2Se3 nanoribbons under various magnetic field orienta-
tions. When the magnetic field is parallel to the surface
of nanoribbon (a-b plane), the MR effect is much smaller
than in a perpendicular field. At the lowest B(<1T), we
observe boundary scattering induced MR, from which it
is concluded that kF perpendicular to surface is much
smaller than kF in the plane. As B increases such that
boundary scattering is unimportant, the low T perpen-
dicular MR exhibits a B2 dependence which crosses over
to a non-saturating linear behavior at high field. This
linear MR extends to zero field as T raises. The linear
MR is attributed to Abrikosov’s QLMR and seems to
be consistent with the existence of electrons having lin-
ear dispersion spectrum, as predicted in the topological
insulator theory.
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